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ABSTmCT 


A new design of flat plate solar collector 
working on forced circulation principle, suitable for 
large scale applications, lias teen developed and ex- 
perimented. 

Design introduces spray nozzles inside the 
collector v/hich sprays fluid in the foimi of fine parti- 
cles upon the hottom surface of the Hack adsorber 
plate. The fluid, thus, comes in direct contact with 
the hot plate, forming a thin layer, which moves down- 
ward adjacent to the inclined absorber plate by means 
of gravity. This enables the heat exchange to take 
place in an efficient manner. 

Two collectors with different nozzle configu- 
rations have been fabricated and studied for a ^jater 
heating system, with ^0 litres and lOO litres of water 
as system load. Effects of various flow rates have also 
been observed. 

Design analysis to determine optimum tilt 
angle of the cc!llector, a 2 ?ea of the absorber plate, size 
of the hot vjater storage tank and its insulation thick- 
ness, has been presented. Cost estimate of the unit is 
given and compared with existing collector designs * 
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It is concluded that "spray-type" il.at plate 
collectors are quite efficient and comparatively, in- 
expensive and shoiiLd, therefore, he preferred for 
comme rcialization. 
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IHTBOTCTION 

1.1 SOLAJl ENERGY - A. PROSEECTI'yE ALTERmTIlffi 

ENERGY SOURCE 

Energy is the most significant requirement to 
meet the needs of any country. With the population and 
industrial growth world over, the demand for energy has 
also grown tremendously. Although, it is only about a 
few himdred^ kwh per head per year in India, it is about 
18 thousand kwh per person per year in the TJ,S^, and 
many parts of the Western Europe, The energy sources pre** 
sently being used any where, are the conventional ones 
i»e. wood, coal, oH^ gas hydrogeneration etc. At 
the present rate of their consumption, it is definite that 
these fossil^ fuels will exhaust one day in not too dis- 
tant a future and the mankind may face a serious energy 
P3:pitlem4 Also, the pollution caused by the use of fossil^ 
fuels has interfered with the enveloping atmosphere bring** 
ing about changes in the pattern of climatic cycles » This 
has caused serious health, problems in most of the indus- 
trialised parts of the world. It is, thus, necessary to 
look for alternative energy sources and to exploit them 
for various applications. Solar energy, geothermal erergy, 
wind energy, energy from ti^l waves are the major alter- 
mtive energy sources freely available, normally inexhaus- 
tible and relatively pollution free. 



2 


Vie shall concentrate here on the use of solar 
energyj the availahle amount of vtdLch on the earth, 
theoretically, far exceeds the world futu 2 ?e energy needs, 

1,2 SOIAR EADIA-TION 

Quantitative knowledge of solar radiation reach- 
ing the surface of the earth is prerequisite for meteordo- 
^cal and oLimatological studies, and for proper utili- 
zation of solar energy. Solar radiation comprises of very 
wide electromgnetic spectrum, emitted by the sun, at the 
outer surface of the atmosphere, consisting of ultravio- 
let radiation having wavelength range of about 0.2 to 
0,^ microns, visible radiation between 0,lf and 0,7 microns 
and infrared ladiation with higher wavelengths, (Fig, 1,1) , 
Of the total solar radiation, 9 percent occurs in the 
ultraviolet, 4-5 percent in the visible arid ^{.6 percent in 
the infrared region. Jfeixiinum intensity occurs in the 
visible range , ( 1 ) . 

The intensity of solar radiation noi*mal to the 
sun’s rays at the outer limit of the alanosphere varies 
with the earth-sun distance. At the mean distance, its 
value has been determined to be 2 cal/cm /min with a 
probable error of 2.0 percent, which is' known as the so- 
lar constant, (2) . 




FiG -1-1 SPECTRAL DISTRlB'JTiON Qf’ SOLAR RADIATION 
INCIDENT UPON A SURFACE NORMAL TO THE 
SUN RAYS AT THE OUTER LIMIT OF ATMOSPHERE . 
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The factors ttat deplete the solar radiation in 
its passage through the earth's atmosphere are (i) sca- 
ttering due to aerosols, dust and other particles and 
(ii) absorption by ozone, in the upper atmosphere and by 
water vapour near the earth's surface. The remaining 
portion of the original di3?ect radiation my reach the 
earth unchanged in wavelength. 

The scattered solar energy gives rise to the 
diffuse radiation, which is the radiation coining from the 
entire sky vault. Whereas, the direct solar radiation 
has spectral characteristics determined by the solar spec- 
trum and absorption of the atmosphere, the diffuse solar 
radiation has a spectral distribution, determined by iiie 
scattering characteristics of the atmosphere, normally of 
shorter wavelengldas . Thus, a surface on the earth recei- 
ves solar radiation of two forms - direct radiation and 
diffuse radiation. 

1.3 BLESSING OF SOLAB EHERGI 

There are three technological processes by which 
solar energy can be utilized, (3), (a) heliochemical, 

(b) helioelectrical and (c) heliotherraal . The first pro- 
cess through photos 3 mthesis maintains life on this planet, 
the second process using photovoltaic converters , supjxLies 
power for all of the communication satellites and the 
third process provides much of the thermal energy, in the 
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form of high and low grade energy. Research and ejcperi*** 
mental work over past few years have found numerous apixLi^ 
cations of solar energy which can satisfy a great variety 
of our needs. 

Generally, two major problems arise when we 
attempt to use this energy. The first is caused by the 
low density (or low flux) of solar radiation, and the se- 
cond is due to its intermittent nature. Most solar ener^ 
applications, therefore, require some form of energy sto- 
rage for periods of no-solar radiation. In fact, the 
cost of using solar energy is largely the cost of over- 
coming these two problems. 

Most of the systems, which utilize solar energy, 
first cdlect it as heat by means of a collector, which 
forms a unique and essential component of all systems; 

This intercepts solar radiation, converting idie radiation 

i 

to thermal energy, and transfers this heat to a working 
medium. Collection process is based on either of the two 
basic concepts, i.e. focussing collector or flat plate 
collector. 

I.if CQLhECTOES 

Focussing collectors are used to obtain higher 
temperatures in various applications. This collector 
employs a reflecting surface having a shape of particular 
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configuration such as paraboloid of revolution, parabolic 
cylinder, hemisphere, circular cylinder, plane and coni- 
cal mirrors etc* The selection of these depends on spe- 
cific application. After receiving the direct component 
of solar radiation, the reflecting surface of a collector 
concentrates the incoming radiation at its focal point 
or focal plane yielding a hi^ intensity of radiation 
capable to produce hi^ temperatures ranging between 
200 °C and 3^00 

An important consideration with focussing collec- 
tors is the need for continuous sun- tracking devices in 
order to get parallel and direct sun-rays, thereby, re- 
quiring very ccaaplicated and costly arrangements . A 
significant fraction of the total energy from the sun is 
diffuse or sky radiation, which is non-focus sable and, 
therefore, lost to concentrators, but is available to 
flat plate systems . Another limitation which restricts 
the use of focussing collectors is the necessity of hi^ 
quality reflecting surfaces , 

Flat plate collector, as its mme implies, gene- 
rally, consists of four components: (1) glazing, which 
may be one or more sheets of glass or diatheimneous 
material (2) absorber panel, the main function of -vdiich 
is to absorb the sun radiation, and to transfer it to the 
working medium or transfer fluid. Most solar collectors 
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differ mainly in the design of absorber panel i-^elf . 

Some common configurations are shbvn in jBig, 1*2^ 

(3) insulation, -which minimizes side and downward heat 

« 

loss from the absorber panel and ih) container or castog^* 
which surrounds the above components and keeps them free 
from dustj moisture etc. 


.Flat plate collector is the simplest and most 
effecti-ve means of collecting solar energy, which operates 
in a fixed position, depending upon the design criteria* 

It utilizes both direct and diffuse solar radiation satis» 
fying the major objecti-ve to collect as much energy as 


possible. Hhey have been in use to heat water, -water 
plus antifreeze additive such as ethylene glycol, vrater 
plus ar^nla or other refrigerants, fluorirated hydro- 
carbons, air and other gases in systems like house heating 
and cooling, domestic and industrial -water heating systems, 
s-vriLmming pool heating, dryers, absorption refrigeration 
and other systems that require thernal energy at compara- 


tively low -temperatures . Figure 1 .3 explains the impor- 
tance of sudi collectors in some of the experimented 
systems, (*+,^,6). 


Careful observation of Fig. 1.3 points out some 
impor-bant features of a flat plate collector system, as 
mentioned below. 



IG.1.3 VARIOUS SYSTEMS EMPLOYING PLANE COLLECTORS 
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(i) Aiixlliary Heat Sources; 

It is realized that in temperate climtes the 
periods of self-sufficiency in sun energy are relatiirely 
short* . Also, in many applications temperature require- 
ments of the working fluid may he quite high which may 
not he attainable using only the available sun energy * 

For successful developaent of a solar device in such si- 
tuations, the sun energy must he regarded as a preheater 
source and an auxiliary heat source must he incorporated 
in the system, to achieve the reqtiired temperature, (?)• 

(ii) Use of Water as Transfer Pl\u.d: 

Water has been extensively in use as heat remo- 
ving medium because it is inexpensive, easily available, 
has good heat transfer characteiistics (highest heat capa- 
city per kg or per litre) and is suitable for thermal 
storage as compared to air and many chemicals * 

(iii) Ifethods of Circulation: 

Two distinct methods of circulation of transfer 
fluid are used - the thermosyphon and the forced circu- 
lation* 

The circulation commonly called thermosyphon, 
occurs because of the variation of fluid density with 
its temperature* liuid in the collector gets heated, 
its density decreases and rises upward in the absorber 
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tubes and is replaced by colder fluid. Process continues 

as long as solar radiation is strong enough to keep the 

collector plate sufficiently hot. Thus, circulation is 

without any mechanical de-vice, but number of precautions 

are necessary in the -use of such a simple deirLce, Ee-verse 

flow, ^ downwards from the tank in to the heater, there 
caus\n^ 

by^loss of heat, can occur on cold nights unless -banlc is 
mounted at least 60 to 70 cms . above the top of the collec- 
tor, Also, a continuous upward grade must be maintained 
in order to avoid the possibility of foimation of air 
pockets in connecting tubes/pipes, otherwise circulation 
may cease. 

It may not be possible for all the systems, to 
opera -be within the limitations mentioned above , The large 
storage capacity systems mke it impractical to mount -the 
tanks above the absorbers, (8), There may be situations 
where architectural or other considerations require that 
storage tank be below or at a considerable distance from 
the collectors, (3), In such cases, forced circulation 
systems are used, where recirculation of transfer fluid is 
achieved by means of a pump. The operation by forced 
circulation can take full advantage of intermittent sun- 
shine periods and also of a lower altitude of the sun. 
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1.J REVIEW OF PEE VI (US WORK 

The fundamental and systeirBtic study on the 
perfoimnce of flat plate solar heat collectors has been 
carried out ear3-ier by Hottel and Woertz (9) vith four- 

p 

teen collectors, each having absorber area of 2.5’ m . 
Absorber surface used was blackened copper sheet 0*5^ mm 
thick to v;hich were soldered six parallel copper tubes, 

9'* 5 o.d., spaced 15 cms. apart, running lengthwise 

of the collector as shown in Eig. 1.2 (a). Collectors 
were having three glass covers with 25 mm air spaces and 
storage capacity of 17^00 litres of water. Collectors 
were tested under forced flow conditions with a centri- 
fugal pump and ascertained collection efficiency \ra.s if8 
percent. 

Czamecki (10) perfoimed an experiment vrith se- 
ven absorbers installed at various C.S.I.R.O. Laboratories, 
Australia, each having a tank capacity of 318 litres, with 
a built-in electric booster and two absorbers of total 
active area of ^.18 m , operating on thermosyphon prin- 
ciple. Collector construction was similar as shown in 
Fig. 1.2 (b). Approximately, 204- litres of \jater at a 
temperature of about 57 was discharged each morning. 

The mean yearly contribution of solar energy in the above 
system was reported to be 60 to 80 percent of the total 
energy required, depending upon the location. 
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Close (11) has amlysed the perfonaance with 
no-drawoff during the day, of a natural circulation type 
solar water heater v/ith copper tubes and plate as shown 

in 1*2 (b) . Two installations, one with 1,62 

2 

area with one glass cover and second with 1 *57 m area 
and two glass covers, inclined at 32.5° towards north, 
having tank capacity of 136 litres, were experimented and 
the reported efficiency was 37*8 to h2,h percent, 

Yellot and Sobotka (12) have investigated the 
performance of a solar water heater of the type shown in 
Fig. 1,2 (c). The steel pipes were simply pressed-in, 
for thermal contact with the heat absorbing plate having 
2,8 m area and two glass covers. The plate had radia- 
tion absorptance as high as 0.90 and longwave emittance 
as low as 0,15* On a dear day, (Oct, 28, 1962) the 
heater, inclined at 38*^ to the horizontal, operating on 
thermosyphon principL®j gave the day long efficiency of 
collection of about 38,^ percent. Another aspect of the 
investigation by Yellot and Sobotka was to study the com- 
parative performance of solar water heater before and 
after application of heat conducting cement which impro- 
ved the thermal contact between the plate and the pipes. 

At flow rates of 44.5 and 84 kg/hr (June 7j 1983), the 
collection efficiency was 44,3 and 45«5 percent respec- 
tively, before using heat conducting cement. After apply- 
ing heat conducting cement, the collection efficiency, for 



flow rates of 86 and 85" kg/hr (Jime 12, I 963 ) was found to 
"be 5^ and 58*2 percent, respecti’VBly, 

Garg and Gupta (I 3 ) have discussed the design of 
flat plate collector of the type shown in Fig, 1*2 (d). 

The collector configuration of tube-in-plate type, using 
various indigenous material, is optimized for maximum 
efficiency per unit of cost. The collector with maximum 
collection efficiency ms found to consist of I 9 mm dia. 
G.I, pipes at 10 cms spacing from centre to centre, bon- 
ded to a 0 . 5 ^ mm thick alumnium plate. 

Another type of solar mter heater shoim in 
Fig, 1,2 (e) \iB.s described hj’- Khanna (14), It consists of 
a corrugated metal sheet as the absorber plate backed by 
a plane n^tal sheet to form parallel mter channels run- 
ning the entire length of the corrugated sheet. The 
corrugated sheet and the plane sheet are joined together 
at many points by rivets . It is reported that litres 
of mter could be maintained with a rise of 28 °C for a 

p 

period of 6 hours, with absorber area of ^ m » 

Similar kind of heater has been experimented -by 
Rao and Suri (15) • For a collector surface area of 

p 

2.32 m and the tank capacity of 136 litres, the rise in 
temperature of water in winter at Roorkee, for natural 
circulation system, ms from 6 to 50 *^0 (mx.). The 
system efficiency ms found to, be 63 percent. 



Experiments on bnilt-in storage mter heater 
have been reported by ferg and Krishnan (16) Eig. 1,2 (f); 
The heater consists of a G.I. rectangular tank of dlj 3 ien~ 
sions 112 cms x 8o cms x tO ans -with a capacity of about 
90 litres. This tank is placed in a rectangular mild 
sheet tray and insulated from sides and back. Water tem- 
perature of 55 has been reported, for winter season 
■vrLth 75 peiiSent efficiency, Ghauhan (17) has also tested 
similar kind of storage-cum-water heater during summer 
for both forced and mtural circulation conditions. An 
average collection efficiency about 58 to 65 percent >jas 
obtained. The efficiency was observed to be nearly the 
same when water draw-off was taking place at 50 °G - 60 ^G. 

Elat plate collectors have also been used for 
large scale applicsations . Garg (^) has reported heating 
of 600 litres of water up to 55 in the winter afternoon 
and 4-8 to 50 °G in the early mornings at Roorkee, Gir- 
culation was provided by a pump, consuming only 0,23 kwh 
of electrical energy per day. System was equipped with 
auxiliary electric heater. The overall efficiency of the 
system is reported to be 50 percent, 

Ehrber and Prescott (18) operated an engine with 
flat plate collector, using lov; boiling point fluids like 
trichloro-monofluoro-methane having operating temperatu- 
res between 27 °C and 72 °G, 
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Lof and Tybout (5) have made extensive analysis 
of solar heating and cooling using flat plate collectors 
and found that a combined system of heating and cooling 
■was more economical than heating alone. System includes 
lithium-bromide --water type absorption process. 

With the -wide -use of flat plate collectors, f'ur- 
ther developments and modifications in the design of 
collectors, are in progress, A solar -water heater combi- 
ning collection and storage has been tested in Ceylon by 
Qainnappa and Gnangalingam (19) • The heater consists of 
a sq-uare coil of 7*5 am dia, J)ipe (painted black to absorb 
sola.r energy), in length, encased in -wooden box 

■with insulation at the bottom and two glass covers , The 
glass surface is 1,86 m in area. It -was possible to get 
115 to 150 litres of water at 50 °C per day, with inter- 
mittent draw-offs. Collection efficiency of ^6 percent 
was reported, 

thnardi and Chaung (20) designed and tested a 
proto type -unit which has black liquid as a transfer fluid. 
Collector consists of transparent channels through which 
black liquid flows and directly absorbs solar energy. 

Base liq-uid used in the experiments were ethylene ^ycol- 
water, ethylene-glycol -vater-India ink etc, 

Girardier and l«hsson (21) have de-veloped a low 
temperature engine which uses flat plate collector, with 
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an output temperature of 75 and a condenser temperature 
of 30 72 of area provides 10 m^/hr of water for 

six hours a day, from a depth of 20 meters • The effici- 
ency of the pump was reported to he very low. 

1.6 THE PRESENT WORK 

As described above, in most of the forced cir- 
culation systems, transfer fluid is being circiJlated in 
tubes, which are in thermal contact with the blackened 
absorber. Tubes are usually separated by 

some distance, causing the temperature of the black plate 
between two adjacent tubes, several degrees higher than 
the temperature of the tubes. Thus, the temperature dis- 
tribution on the surface of the absorber oscillates bet- 
ween a maximum and a minimum along the number of tubes 
used. Since, energy losses from the absorber will depend 
on the difference of temperature between the absorber and 
the surrounding air, more losses take place from points 
of higher temperature difference and the efficiency of 
the collector may, therefore, be expected to be lower than 
that of a collector which has no tubes. Effective theiw 
mal bond bet>reen the plate and tubes is also difficult 
to achieve. Also, extensive use of tubes 'results In the 
high cost _of the unit. 
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On- the other hand, the huilt-in storage -type 

•water heaters, so far studied for the forced flow situa- 

olid 

tion, have got the fleewing drawbacks ; 

1 . bulging and leaking problems due to high -water press-ure 
necessi-tates complicated and costly design of the 
collector, 

2. quantity of mter coming in con-tact per unit area of 
the collector plate being quite high, decreases the 
efficiency of the system in terms of the maximum 
temperature gain. 

The present work has been -taken up as an attempt 
to overcome the problems encountered in the collector 
designs so far, studied. The work corn-prises of; 

1 . developing a new design of the collector of the 
"spray-type”, 

2. studying the most suitable arrangement of spray- 
nozzles in the above collector. 

The unique feature of the spray-type collectors 
is t]mt the working liquid is being sprayed upqn the bottom 
side of "the absorber plate by means of spray nozzles . 

The specific conl<ral inteiual structure of the spray 
nozzle, imparts forced liquid a idiirling motion which 
forms a spray of fine particles at the outlet* These 
liquid particles come in direct contact wi-t±L the absorb- 
ing plate, tidckle down ;torough its entire surface and 
the liquid is collected at -the bottom of the absorber 
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panel "by means of gravity, A very thin houncJary layer of 
the liquid is developed, enahling efficient heat ti*ansfer 
between the plate and transfer liquid. 

This collector has been experimented upon, using 
water as heat transfer liquid, for mter heating system 
having maxifflum capacity of 100 litres , The design is 
equally applicable for other transfer liquids used in 
solar energy applications. Two collectors of the same 
area but having different nozzle configurations have been 
selected to examine the perfomance of spray-type collec- 
tors . 

Design analysis has been made to determine the 
absorber plate area, tank size and insulation thickness, 
A modified approach for determining the optimum tilt of 
the collector is. presented, Eoergy balance equations for 
the system have been fonrrulated and cost analysis of the 
collector is given to furnish an idea of its economic 
feasibility for large scale industrial units. 



CHAPTEE 2 


DESIGN ANALYSIS 

2.1 OPTIMJM Tn,T 

Hat plate collector surface receives mxiimim 
energy at Its surface noiml to the sun rays. Consequently 
the loss of intensity caused hy the radiation arriving at 
the horizontal receiver at an angle can be greatly reduced 
by tilting the receiver. Ideally,: the collector surface 
should be tilted to such an angle that it is noimal to sun 
rays during the day.. It is, however, well known that, to. 
keep collector surface moving accoi*ding to sun movement, is 
quite ccmplicated and expensive an arrangement. Also the 
advantage to be ^ined by moving the flat plat collectors 
continuously during the day to follow the sun is not large 
enough to justify the installation of a moving mechanism. 
Because of the permanent nature of installaticaa. of 
collectors for systems like water and air heating, 
drying and refrigeration and air conditioning where very- 
high temperatures are not required, it is absolutely nece-. 
ssary to select the tilt of the collector surface so as to 
get best possible resul-bs during the period of operation. 

Various expressior^ ha-ve been presen-bed in the 
past regarding the optimum tilt of the flat ixLate collec- 
tor. Souka and Safwat (22) ga-ve an expression for opti- 
mum tilt for a given solar altitude and solar azimuth 
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angles using normal intensity of radiation. C3arg and 
Gupta (23) presented a relation to obtain optimum tilt 
for different hours and months. Kapoor and Agra wal (2^) 
presented an expression using the apparent irradiation at 
zero air mass and atmosphere extinction coefficient* Be- 
sides, Kern and Ife,rris (25) liave given an expression which 
depends only upon mean daily direct radiation which seems 
impractical . 

Generally, as a crude approximation, the optimum 
tilt has been expressed as latitude plus 15° for winter, 
latitude minus 15° for summer and'0.9 times the latitude 
for year round operation (26 , 27 , 28). In some eases 10*^ 
difference is also recommended. However, as tilt deter- 
mines the required area of the collector which ultimately 
affects the cost of the unit, it shoiild be evaluated 
accurately and according to the design conditions, rather 
than tahing it as a mere function of latitude. 

The present formulation* (29) takes into account 
the hour-durations and design periods for summer, winter 
and year round perforirance of the flat plate collectors 
as recommended by the India Ifeteordogical Department 
(30, 31, 32)* Like other authors, dependence of the tilt 
angle on hoiir angle, deoLiration, direct, diffuse and 
reflected radiation, besides the latitude of the place, 

**'Presente'd at the Seventh 111 India Solar Energy (Conference 
Ludhiana, Nov, 1975* 



22 


has been taken into account* Resiilts have been compared 
with the existing ones and usefijl conclusions drawn, 

2.1,.1 Theoretical Analysis : 

Total amount of hourly solar radiation incident 
upon ar^r inclined surface can be given as, (33) • 

~ Ip % + 1(3. % + % % (2.1) 

where, 

Ejj, R^ and Rj^ are orientation factors for direct, 
diffuse and reflected component of radiation, respectively. 

Ip, are direct and diffuse components of radla- 
tion, respectively, and is total amount of radiation 
falling on a horizontal surface. 



Fig. 2.1 IRTEIISITT DISTRIBUTION 02T SURFACES 
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Eeferring Fig» 2.1, Bp can be expressed a.Sj 


p DT 

=D=-IJ 


COS 6^ 


cos On 


COS cos 


where, 


COS Og = cos L cos h cos d + sin L sin d 


(2.2) 


(2.3) 


and 


cos = cos (L - h) cos h cos d + sin (L - h) sin d 

(2,^) 

Here, 0^, and Ojj are angles of incidence of direct 
radiation on an inclined surface and a horizontal surface, 
respectively, (2), and 

L = latitude of the place 

h = tilt angle of the collector with the hori- 
zontal surface 

h = hour angle from solar noon 

d =: declination of the sun. 

Assuming the diffuse sky to he isotropic i.e. 
uniform in all directions, and the ground having a uniform 
albedo, p , (hemispherical reflectivity), the expressions 
for the orientation factor for diffuse and reflected com- 
ponents of rad3.ation are given by (33)j 

( 2.5 ) 


Bd = 2 


Bj^ =s ^ (1 - cos b)p 


i 2.6 ) 



2.1.2 Energy Absorbed by the Collector Plate : 

Energy absorbed by the absorber plate mainly 
depends upon 

(a) the iisolation rate on the collector 

(b) the absorptivity of the absorbing surface 
for solar radiation 

(c) the transmittance properties of the trariS- 
parent cover. 

The incoming solar radiation is being transmitted by the 
glass cover and afterv^/ards absorbed by the black absorb- 
ing plate. 

The radiation absorbed by the absorbing plate of . 
the inclined collector is given as 

Ip = (t a Ip Rp + (t a ^d ^ “ ^R % % (2.?) 

where, 

(to )p, (to and (t a are the transmissivity 
- absorptivity products for direct, f^lffuse and reflected 
components of radiation,- respectively. 

Souka and Safwat (22) have developed a relation 
for (f “)pj showing transmissivity - absorptivity pro- 
duct as a function of incidence angle on the collector 
surface with the assumption that 'ib'^'rpLivity of black 
paint is invariant with the angle of incidence . 

(t a)p = (A - B/cos Oj) 


( 2 . 8 ) 
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The value of constants A and B depends upon the kind of 
glass cover. Garg (23) has derived the values for A and 
B as 0.95 3.nd 0,115 respectively, for a window ^ass 
commonly available in the Indian market. 


For uniform sky, the values of ( t .ot and 
( T a \Till be constant. From Eq, (2,7), the daily va- 
lues of total solar radiation absorbed by the collec- 
tor plate for the number of hours 3 = 1 to n, on simpli- 
fication, becomes 




n 


0=1 ^ 


n 

= I 

j=i 


"D. 

0 


(A cos - B) 
J 


cos Q- 


=3 


+ ( T a )^ . I^ ( 

d 


1 cos b \ 
2 ^ 


+ ( T a )j^ (% + 1^0 ( —"I--" - )p. 

3 3 

(2.9) 

The hourly values of direct radiation and diffuse 
radiation are averaged over a particular month and if the 
collector unit is designed for a specific period, say win- 
ter or summer, the expression for total available solar 
radiation during that period becomes. 


m 

m 

n 

m 

n 

i 

II 

it 

i 

= I 

I 

i =1 

1 - ■* 

1=1 

3=1 

i =1 

0=1 


A cos 6, 


■-D. 


( 


3-0 


cos e. 




- B 


H. 


■id 




1+cos b 


( 


1 - cos b 


) . 


(2.10) 
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•where i indicates a particiilar month. 


Substituting the corresponding values of various 
terms in Eq, (2,10), differentiating it ■with respect to 
tilt angle h, equating it to zero and solving, "we get 


opt 


= arc tan 


m n 

I I 

i=1 


‘ "g — . A . (sin L cos hj cos d^^ 




~ COS L sin d^) 


i m n 

I ^ “ ^d . 

f 1=1 0=1 10 - 10 


-0.^ ( T a , p . I, 




( 2 . 11 ) 


Equation (2*11) is the most adequate expression for the 
optimum tilt of the collector for required hour - duration 
over the designed period of the year. 


Now for uniform slcy radiation, the value of ( t a 
has been reported to he 0.,72 and that of ( x o )j^ has heen 
considered much smaller as compared to ( x a )^, Also, the 
alhedo P of the ground surface is a very snail quantity. 
Hence, neglecting the last term in the denc^eSe^^ of Eq, 
(2.11) and simplifjd-ng, it becomes 


m n 


sin L cos h^ cos d^ 

V 

- cos L sin dj i 
^) ' 


opt 


= arc tan 


4 

i 


-I ' r Id ( 

i=1 3=1 i3 cos L cos h^ cos d^ 

+ sin L sin 


m n 




I I ( + 0.379 ) 

i=1 3=1 iO iD 


( 2 * 12 ) 
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For simplicity, sun’s declination angle for any 
hour is assumed constant throughout a month in the above 
analysis , Values of Ip , I , and d^ for various impor- 

iD ij 

tant Indian locations are available from standard tables, 
(2, 3^)» Values of global solar radiation and other data 
on maximum and minimum ambient temperatures, humidity and 
bright sunshine hours for Kanpur aie represented in Tables 
2.1 and 2.2, for our ready reference. 

Equation (2*12) is programmed as per Appendix - A 
for solution, for various places in India for different 
design periods, such as summer months from l-hrch to June 
and Winter months from October to February, (30, 31, 32) 
and results for optimum tilt are represented in Table 2.3. 
Also, optimum tilt angles for above locations are obtained 
for extreme design periods, December ~ January in winter 
and April - May in summer. Results are shown in the same 
table 2.3* 

Hour duration considered for above analysis is 
from 8,00 a.m. to ^.00 p.m. Effect of various hour dura- 
tions upon the value of optimum tilt is shown in Table 

2,h, 

It can be seen from Table 2,3 that for vTinter 
operation, optimum tilt is more than the latitude of the 
place and for summer operation it is less than the lairL- 
tude. The difference between the optimum tilt and the 
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TABIiE 2*2 Mean of ( 1 ) daily maximum temperature 

(2) daily minimum temperature ®Cj (3) relative 
humidity percentage and (^f) mean daily duration 
of sunshine hours for Kanpur. 


Months 

(1) 

(2) 

C3) 

(If) 

JANUARY 

22.8 

8.6 

80 

8.7 

EEBEUAEI 

26.0 

11.0 

69 

9.2 

lARCH 

32.7 

16.3 

^7 

9.6 

APRIL 

38.3 

22.0 

33 

9.^ 

my 

.7 

27.2 

35 

10.2 

JUNE 

39.9 

28.7 

5I4. 

7.8 

JULY 

33.7 . 

26.6 

81 

5.^ 

AUGUST 

32.1 

2^.8 

86 

5.1 

SEPTEMBER 

32.7 

2^.9 

81 

6.7 

OCTOBER 

32.7 

19.6 

69 

. 9.1 

NOVEMBER 

28,9 

12.3 

66 

9.5 

DEGEMSER 

^.3 

8.5 

78 

9.2 
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I4BLE 2* ** 3 Optinrum Tilt Angles for Various Locations in 
India for Various Design Periods* 


Si . 5 Place 
lo* C 

1 . Trivendrum 

2 • tfedras 

3 • Goa 

h • Visakhapatnam 

5 • Poona 

6 * Nagpur 

7 « Blmvmgar 
8 « Calcutta 
9 • Ahmedalad 
10* Shillong 

1 1 . Jodhpur 

12. New Delhi 


0 Latitude 0 Year 5 Winter* 0 Summer 

X 


13.0 


21.1 


il round 0 (1) (2) CCD (2) 

9.71 13.75 30.81 -2 .93'^ -6.17 

11.33 20.03 33.75 0.11 -3.26 


15.5 18.48 24.92 40. C4 

17.75 19.22 27.79 41,05 

18.5 20.20 29.06 42.37 


22.43 32.24 44.71 


21.75 23.0533.14 45.57 
22.65 22.33 32.90 44.71 


3.25 

4.82 

5.03 

6.89 

7.51 

8.07 


23.1" 23.50 34.89 46.55 8.41 
25.6 26,47 38.18 47.51 10.61 


-0.95 

0.74 

1.34 

3.64 

3.82 

4.73 

5.23 

6 .66 


26.3 25.77 38.74 49.82 11.20 8.1b 


28.5 


27.5241.27 51.37 


* Winter months : 

(1) October to Pehruary 

(2) December to Januaiy 

** Summer months : 

(1) ^rch to June 

(2) April to I%y 

+ Negative tilt means collector should face North. 
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TABLE 2.^ Variation of Optimum Tilt >ri-th Hour Duration 


Place 


^ Poona Latitude 
Q onti Tnim til t f( 

18.5° H 

ar _ 

5 Hew Delhi Latitude 28. 
0 OH Optimum tn t for 

Hour 

duration 


0 Year Q 
0 round 0 

Winter 

1 Summer** 

Q Year 0 u- 4 - 
0 round 0 g 

a-; 

Summer' 

7 a,m. to 5 

p.m. 

20*58 

31 .21 

^.13 

28.58 

5^.55 

11.57 

S ■ '^a • to ^ 


20.20 

29. 06 

5.03 

27.52 

^1 .27 

12.58 

9 a.m* to 3 

p^m. 

19.99 

27.7^ 

5.87 

27.5^ 

39.64- 

13.52 

10 a.m* to 2 

p*m* 

19.81 

26.86 

6.54 

27.5^ 

38.50 

14- .25 

11 a.m* to 1 

p«m^ 

19.70 

26.27 

6*99 

27 .¥3 

37.82 

14- .73 


* Winter months, October to February 

** Summer months, March to June 
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latitude of the place is, however not constant as stated 
conventionally, i,e. latitude plus or minus 15^ for 
the td-nter and summer months respectively. It is also ob- 
served that optimum angle changes considerably T,>n.th respect 
to the design period, li'or year round operation tUt comes 
out to be more or less equal to the latitude of the place. 

According to the meteorological data of India, 
the values of direct and diffuse solar radiation for many 
locations including Kanpur are not available. In such a. 
sitmtion, a rough approximation for optimum tilt my be 
used with respect to the latitude only. For example, the 
latitude of Kanpur is 26 .V® N which is very close to that 
for Jodhpur, (Table 2,3). Hence, the optimum tilt for 
Kanpur is also assumed to be around ^0® for five winter 
months (October - Februaiy) and around 5^0° for two extreme 
winter months (December - January) . 

Table 2.4- shows the variation of optimum tilt 
with various hour durations for Poona and Hew Delhi. It 
is observed that for year round operation, the optimum tilt 
remins nearly constant for all hour durations. For winter 
operation, the optimum tilt decreases as hour duration 
approaches noon and for summer operation, it increases as 
duration apprmches noon. 
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2.2 COLLECTOR AREA. 

Goileetor plate absorbs the incident solar radia- 
tion and transfers it to the working medl-um. The q-uantity 
of radiation absorbed is directly proportional to the ab- 
sorber plate area and, hence, careful determination of 
plate area becomes an important criterion in the design of 

flat plate collectors* Less area may not meet the design 

in 

requirements res ulting ^low efficiency of the collector and 
more area may create economic and space problems* 

A solar energy system operates under variable 
weather conditions. Exact determination of the collector 
area is, therefore, not possible* Czarnecki (10) and Gupta 
and Garg (13) have presented an approximate method to de- 
termine the area of absorber plate* Knowledge of solar 
radiation available to the location in question, raaxiraum 
and minimum ambient- tempera t'ures^ etc* on an average basis, 
is a prerequisite for such an analysis , For Eanxjur, these 
data are given in Table 2.1 and 2.2, of previous section. 
The method to calculate the absorber area, approximately, 
may be explained by the following simile example : 

The energy required to heat a particular quanti- 
ty of fluid for a given temperature rise is expressed by' 

^ = M X Gp.x A T (2.13) 

where 

M = quantity of fluid to be heated 



3 ^ 

C =: specific heat of the fluid 

P 

&T = required temperature rise. 

Assuming a temperature rise of 50° 0, desired 
for a particular application, the energy required per day 
(depending upon hours of operation) to heat 50 litres of 
•water •will he, 

= 50 X 1 X 50 = 2500 kcal/day. 

ho-w the collector units, we ha've experimented 
upon, are designed for the winter months from October to 
February-. The necessary a-verage global solar radiation 
for these months available from Table 2*1 for Kanpur, is 
3840 kcal/m^/day. Assuming the efficiency of collection 
to be 70 percent, the net useful energy will be 

0 ^ = 3840 X .70 = 2688 koal/m^/day. 

Thus, the required collector area is given as 

In actual practice, however, the collector area is to be 
kept slightly more to take care of glass fittings, etc, 
so that exposed area may come out to be as calculated, 

2*2,1 Specific Area of the Collector: 

Generally flat plate collectors are installed 
indepedently in an open space, but, in many cases it 

and convenient to incorpora^te it as a 


may be necessary 
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part of the existing "building either as a roof or a i-zindow 
shed, and integrate it >ri.th the architecture of the build- 
ing* In such cases, it may not be al'vjays possible to 
install collector at optimum angle and correspondin^y the 
required area will be more. This fact can be realized by 
determining the collector area required at various tilts * 

To design a collector for such situations, it may be useful 
to introduce the concept of "specific area” of the collec- 
tor which is the area required to heat 1 litre of water 
by 1° C. 

In the method of area calculation explained in 
section 2*2, the amount of useful energy Qg is obtained 
from the global radiation data available on horizontal sur- 
face, If, however, both the components of radiation namely, 
direct and diffuse are known, the useful energy can be ex- 
pressed as 


Qg = X 



and = efficiency of collection. 

Hence, according to the definition, the specific area 
bo comes . 



Equations (2.15} 2.16, 2*17 9-nd 2*9) a-re "used to calculate 
Specific areas for two locations (New Delhi and Trivendrum) 
and are tabiaated in Table 2*5* (Program in Appendix B) , 

2*2*2 Distance Between The Two Plates of Absorber 
Panel : 

Tills distance mainly depends upon the geometry 
and specification of spray nozzles , The spray nozzles used 
in these collectors, give reasonably good spmy at about 
10 cns from its centre. Since, the height of the nozzle 
itself is about 2*5 cms, the distance selected is 12*5 cms, 

2.3 STOHAGE TAM 

Although, the unit is designed for 50 litres 
capacity, storage tank is of 100 litres capacity in order 
to store more hot water and facilitate the experiment. The 
spherical container comprises the theoretically optimum 
form of accumulator id.th minimum surface area for the same 
volume and hence causes minimum heat loss. In actual prac- 
tice, however, a cylindrical container having height equal 
to its diameter is used, to minimize heat loss, Eor 100 
litres capacity cylindrical container, the diameter and 
height come out to be ^0 cms . As inlet and outlet connec- 
tions are on the sides of the tank, the height is taken 
equal to 55 cms , 
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TAJBLE 2*5 Variation of Specific Area with Tilt Angle. 


Place 1 

New Delhi 

1 Trivendrum 

Design | of 5 Specific 

Period | | ' 

0 Angle of 
in 5 tilt 

0 

C Specific 

0 area A- in 

0 ain2 ® 


16,0 

5.569 

2.0 

5.810 


22.0 

5.4-84- 

6,0 

5.773 

Year round 

27.52 

5.4-59 

9.71 

5.762 


3^.0 

5.4-94- 

15.0 

5.784- 


^0.0 

5.589 

^.0 

5.930 


25.0 

5.4-33 

6.0 

5.4-4^ 


36.0 

5.232 

10.0 

5.4-09 

Winte r 

if1.27 

5.209 

13.75 

5.398 

October to 
February 

4-6,0 

5.228 

20.0 

5*4-28 


50.0 

5.272 

30.0 

5.602 


2.0 

4- .933 

•6,0 

5.562 


8.0 

4- .868 

-2.93 

5.554- 

Summer 

12.58 

4- .853 

2.0 

5.573 

Iferch to June 

17.0 

4- .867 

8.0 

5.64-7 


22.0 

4-.917 

14-.0 

5.782 
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Taiik ins-ulation is another important factor 
which has to he taken into account as large quantity of 
hot water has to he stored overnight i«)ith minlmnTn tempera- 
ture drop. A method, given hy Schonholzer (35) is tried 
to determine the necessary insulation thickness as des- 
cribed helow: 


To facilitate calculation an imaginary sphere is 
considered, the inner surface area of which is equal to 
that of the cylinder, that is 


S 


i 


2 IT 


D? 

+ 


D? 



( 2 . 18 ) 


where, is the diameter of the cylindrical tank. 

The inner radius of the equivalent spherical 
accumulator will he 

T! - f ^ iVa 

Let the insulation thickness of the required cylinder he t, 


(2.19) 


The outer diameter of the cylinder, therefore, -will he 


D D. +- 2 t 

o 1 


( 2 . 20 ) 

Hence, the outer surface area of the cylinder >7ill he 


2 ir o -5 0 

= ( 3:j— ° + irD^) = I (2.21) 

Therefore, the outer radius of the equivalent spherical 
container will he 




1/2 


( 2 . 22 ) 
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Assigning tliat tiie liot water is completely mixed 
3-^^ is st uniform temperature j the thermal capacity of the - 
equivalent spherical accumifLator is 


Wj = V X Gp X w ( 2 . 23 ) 

and the amount of heat stored is 

da = dT (2.2lf) 

^^rhere, 

= heat capacity of the accumulator 
V = volume of ^^ra.ter used as the heat stoia-ge medium 
dT = change in temperature 
Cp = specific heat of the storage medium 
w = specific weight of the heat storage medium 
dq = differential heat quantity. 


The rate of heat loss through the vradls is given by 
■ dq (T - T^) 

“ d© “ E 


(2.25) 


where, 9 denotes time and T^^ is the ambient temperature. 

The overall resistance, R, to heat transfer, is 
the sum of the resistances R^ and R^ through the insulating 
mateidal and through the air film on the outside of the 
insulation, respectively. 



1 

Vir S 


/ 

®i 



1 


1 _ 1 - 


) 


( 2 . 26 ) 



1 

V IT h^ 
o 


1 



and 


(2.27) 



where, 

k is the conductivity of the insulating material 
h^ is the convective heat transfer co-efficient. 

Substituting for dq from Eq. (2.24) into 
Eq, (2,25) und sepaiating variables, the following diffe- 
rential equation is obtained 


dT 

(T - 


R ¥, 


T 


. dO 


(2.28) 


which upon integration, yields 

- (Q / R W ) 

0 (T - Tg^) = e (2.29) 

The constant of integration is obtained by using the 
initial condition T = T^^q at Q = 0 when cooling period 
starts , TIxls gives 


C = 




(2.30) 


The resultant temperature, T, of the storage medium after 
the lapse of a cooling period of time, ©, is then 

- (© / R 

T = (Tq^q - V ^ \ ^2.31) 

Equation (2,31) can be ^\rritten in the form, 


T - T - (© / R M„) 

( If V ) = e (2.32) 

■^©=0 “ 

Guessing various values of cylinder insulation 
thickness ranging from 2 cms to 25 cms and using the values 
of conductivity k = 0,032 kcal/hr in °G and convection 
co-efficient h^ = 5*0 kcal/hr m^ °C, for glass wool 
insulation, the ratio (T - T^) / (T^q - T^) and temperature 



^1 

drop (Tq_q - T) after the lapse of tine, e, is calculated 
and stated "below for the following set of conditions. 

^©=0 ~ ~ C, 6 = 12 hrs , = 0«5 ni/ 


Cylinder insulation 
thiclmess, cms. 

Non-dimens i'onal 
temperature 
difference ratio 

Temperature drop 
of water during 
cooling neriod 

2 

0.876 

7.ifif 

3 

0.907if 

5.56 

5 

. 0.9366 

3.8 

10 

0,96 

2. if 

15 

0.9691 

1.85 

25 

0.9757 

1 .if 6 


' From the above table, it is clear that beyond 
10 cms thickness of insulation the temperature drop is not 
significant. "VJe have, therefore, chosen 10 cms thickness 
of insulation as it is not justifiable to incur more ex- 
penditure by choosing higher value of insulation thickness . 

2. if SISTEM AMLYSIS 

A considerable amount of work has been carried 
out on the method to determine the thermal performance 
of plate solar water heating systems, (9, 11, 36, 37, 

38, 39, ifO) . Recently Ong (ifl, if2) has reported a mthe- 
matical model of a natural circulation vjater heating > 


^2 

system. The present analysis is hased upon the above model 
with "basic difference in some of the assumptions, regarding 
forced circulation system. 

Figure 2*2 represents, schematic diagram of the 
present forced circulation water heating system. The 
follomng assumptions are made, 

(a) The entire system is split up into two sections, each 
section being identified by the suffix o (3 = 1,2). 

The first section (o= 1 ) represents the storage tank 
and connecting piping between tanls outlet and collec- 
tor inlet. The second section (3=2) represents the 
complete collector unit containing the glass cover, 
absorber plate and piping between the collector out- 
let and tank inlet, 

(b) Both the sections are assumed uniform in temperature 
and denoted by section temperature T ., Because of 

cl 

the direct contact between the plate and water, out- 
let water temperature is assumed equal to plate tem- 
perature in section 2 (T^ = T^) . 

(c) Inlet temperature T^ to absorber unit is equal to 
the mean temperature of water in the tank (T^) 
because of the forced circulation system. 

(d) The mean tempeiature of the pipe surface and i-jater 
flowing inside a2?e’ equal, and so also, the mean 
tank surface temperature and that of water contained 


in it 



TO LOAi; 


FIG. 2. 2 SCHEMATIC DIAGRAM OF THE EXPERIMENTAL 
SET-UP 






(e) The thermal capacity of each section has been taken 
into account rather than heat capacities of the water 
and the container material separately, 

2.^.1 Energy Balance Equation: 


The ins tantaneous j heat "balance equation for 
any section, in general, can be written as, 

% - % ( 2 . 33 ) 


where. 



d T. 

heat stored within section = W. 

D d« 

radiant heat absorbed = a. A. I 

2 D P 

total heat loss = U. A. (T. - T^) 

J j D 2, 

net heat convected out = m (T^ 

k = 2 for 3 
k = 1 for 3 



where , 


* 


a 

3 



is heat absorbing coefficient 

1' for radiation absorbing section (j = 2) 

0 for non-absorbing section, 

time interval 

mass flow rate of liquid, 

overall heat loss co-efficient 

mean section temperature 

ambient or surrounding air temperature 

thermal capacity of the section = the sum 

of heat capacities of water and the container 


material. 
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Ip = laitensd-ty of radiation assorted ty the inclined 
plate . 

Substituting the corresponding values in above 
Eq. ( 2 . 33 ) presenting differential form in finite 
difference form we get, 

W. ( if - T.) / 1« = «,* A, 1 - U. A. (I, - I ) 


0 


D 


"3 ^3 

; (T . - T,p 


3 a' 

( 2 . 3 ^) 


where T. is the mean section temperature after a small 
3 

finite increment of time a©. 


On rewriting Eq,(2.3^)} 

i^* = I. . ( . e / w. ) Aj Ip - Uj Aj CI3 - I,) 

- m (Ij “ Ijj)J C2.35) 

In Eq, (2,35), "value of I can be obtained from Eq. (2.7) 
Overall heat loss co-efficient for the tank U-j, is given 
as , (42) . 


= 0.10 ( - V 


1.25 


(2.36) 


and overall heat loss co-efficient for collector U 2 , is 
given as, (9) 






n. 


1 




2n_ + f-1 

Jj}. 


- 

^ (n„ +” f^ 


- ngH^p •* 


(2.37) 



Equation (2.35) can "be solved for mean section 
temperatures by substituting the values of various para^ 
meters involved* We have not been able to calculate these 
values j since the direct and diffuse radiation data for 
Kanpur available from the India Ifeteorological 

Centre, Also we could not measure it independently be- 
cause of the non-availability of the radiation measuring 
instrument. 

2.5 GOLIEGTOR Al® SISTEM EEEICIENCIES 

Instantaneous efficiency n defined by 

= m Gp ( “ T-)) / Ip (2.38) 

is a measure of the heat collection ability of the absorber 
unit. It iidicates the rate at which incident radiation 
energy is being converted into useful thermal energy. 

In order to evaluate the overall performance of 
the solar water heater system for a certain peiiod of the 
day a bulk efficiency ’i-p is defined by, 

= Wy (T^" - / A^ (2.39) 

which is the ratio of the increase in thermal energy 
stored in the tank and the sum total of radiation energy 
falling upon the collector plate surface for the duration 


considered 



CHAPIEE 3 


EXPERI]yiS]^ITAL SYSTEM 
3.1 SYS[EEM DESCRIPTION Al^ID COMPONENTS 


Experimental system "basically consists of four 
main components : 

(1) Collector 

(2) Storage tank 

(3) Eliiid Circulating pump 

(4-) Connecting arrangement 

Water lias been used as heat transfer liquid and 
application has been limited to -water heating. Circulation 
pump dra-ws water from the storage tank and forces it to the 
inlet of the collector in which spray of water takes place. 
Eine particles of -vater come in direct con-tact -with the 
bottom of the absorbing plate, and move downwards by means 
of gravity, adjacent to the absorber plate, which is incli- 
ned at the optimum tilt (40*^ for Kanpur for five winter 
months). Heated water from "the collector outlet returns to 
the tank again by means of gravity. The tank is located 
at the convenient position lower tl^n the collector. 

Figure 3,1 shows the photograph of the experimental set-up. 
The details of each component and its functions are des- 


cribed below: 



(1) Collector J 


This is the most important co2i5)onent of the sys- 
tem which receives the incoming solar radiation, collects 
it and transfers it t:o the working fluid. It is comprised 
of four parts, 

(i) Ahs order panel 

(ii) Glass cover 

(iii) Insulation 

(iv) Casing 

(i) Adsorber Panel 

The panel consists of a black metal plate at the 
top, a bottom plate, metalcasing and nozzle structure rest- 
ing upon the base plate. Top plate is painted with dull 
absorbing black paint mixed ■vd.th black mesh powder in order 
to increase its absorptivity. Top plate is 22 gauge G.I, 
sheet of size 125 onis x 90 cms and bottom plate is 2.0 
gauge G.I, sheet having the same area. The distance bet- 
ween the two plates is 12.5 cms. Bottom plate has been 
soldered to the metal casing, foimng a base for nozzle 
structure, tipper absorbing plate has been bolted to the 
casing channel with 8 mm (5/16") G*I, bolts and nuts so 
that, if required, it can be removed easily, lumber of 
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FIG. 3-2 NOZZLE CONFIGURATION OF COLLECTOR- 1 
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(1") -dia. inlet and outlet. Casing channel consists of 
12 mm (1/2") dia. polythene tube, at its outer side, to he 
used as water level indicator. 

Spray system consists of nozzles and piping. 
Collector-I has 10 spray nozzles fixed in 9.5 mm (3/8") 
dia. sockets, welded to 12 mm (1/2") dia. G.I. pipes. 

These pipes are connected to 25" mm (1") dia, inlet pipe. 
Figure 3.2 shows the details of the nozzle configuration 
having 3- 2-3-2 comhination. 

Collector-II differs from I in the sense that it 
consists of only 5 spray nozzles, all on the same axis 
connected to the inlet pipe similar to that in collector 

-J 

I (Fig. 3.3). Outlet has been increased* to 32 mm (Ifj: ") 
dia. Also, the distance between the top end and the nozzles 
has been reduced in order to increase the contact area of 
the absorber plate. 

Spray nozzles are made of high temperature - 


resistant plastic vdth specific internal conical shape 
which imparts whirling motion to the forced fluid and a 
spray of fine particles is arailable at the nozzle outlet 



diameter. 
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FIG. 3.3 NOZZLE ARRANGEMENT FOR COLLECTOR-II 
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Figure 3.^ (a) shows the details of a spray nozzle. 

(ii) Glass Cover : 

Glass has "been the principal naterial used to 
glaze solar collector mainly because of its high trans- 
missivity of incoming shortwave solar radiation. Besides, 
it is invariant to the sunlight and weather conditions . 
Glass is opaque to the longwave radiation emitted by the 
absorber plate and, hence, it acts as an effective heat 
trap when used as a cover. It also reduces losses by- 
convection and radiation, as it forms a stagmnt air gap 
above the absorber plate. A common "VTindow glass ^ mm 
thick, has been used to cover the absorber panel yield- 
ing a net exposed area of 0,98 m . The stagnant air gap 
between the glass cover and the absorber is taken as 
3,5 cms . The glass is held in a recess in the wooden box 
by gaskets and wooden strips xdiich pemit thermal expan- 
sion but prevent the entrance of dust and moisture. Dust 
must be excluded since it coats the collector plate, which 
reduces its absorptance. 

(iii) Insulation ^ 

In order to prevent heat losses from the sides 
and bottom of the absorber panel, a 4 cms thick layer of 
glass-wool is held, between the absorber panel and the 
wooden casing. Specific stepe of the absorber channel 
provides necessary space for side insulation. 



(iv) Casing : 

The ahosrber panel and insulation are enclosed in 
a wooden box (nrnde of Deodar wood) which holds it securely. 
The overall dimensions of the xrooden box are 130 cms x 
95 cms X 25 cms. Wooden casing consists of two parts - 
upper part which holds glass cover and lower part which 
contains absorber panel with rubber gasket in between, to 
prevent air circulation. Two-parts enclosure design makes 
it convenient to remove the absorber panel and insulation, 
if necessary, without disturbing the glass cover* Figure 
3*^ (b) shows the cross-section of the complete unit with 
an enlarged portion of one of the ends of the collector 
unit, 

(2) Storage Tank : 

A. cylindrical storage tank of 20 gauge G-,I, sheet 
having ^0 cms dia. and 55 cms height, stores about 100 
litres of water. It has 25 mm {1*0\<lia. inlet at the top, 
and 12 mm (1/2") dia, supply and load distribution connec*- 
tions , Tank is insulated by 10 cms thick glass-wool layer 
from all sides in order to prevent heat losses . Insula- 
tion has been covered by polythene sheets to protect it 
against weather effects. Hot water from the collector 
enters the tanli from top inlet, mixes with the tank water 
and again drawn by the pump from the bottom inlet for 


recirculation 




(a) TUBE'S BE-Mnt:E TQ LOWER SURFACE OF BLACK PL ATF 

(b) TUB.i u FTONOrr; TO UPPER SURFACE OF FHE PLATE 

(c) T TLLS I'RESSED IN TO THE PLATE 

(d) TUBES BONDE'L TO BOTTOM OF THF CURVED PLATE 

(e) CORRUGATED SHEET ATTACHED TO FLAT PLATE 

(f) BOX TYPE STORA(3E- CUM- HEATER 

(g) RECTANCAILAR THBEL BONDED TO PLATE 

(h) CORRUGATED PLATES FASTENED TOGETHER 

(i) CORRUGATED SHEETS FORMING CURVED PATH 

(j) FLAT PLATES DIMPLED AND SPOT WELDED 

1.2 VARIOUS DESIGNS OF ABSORBER PANELS 








56 


(3) Fluid Circulating Pump: 

Water circulating pump with 0*5 hp has been used 
in the experiment. This pump is capable to give flow rate 
up to 7 to 8 GPM which is beyond the requirement. Low hp 
pump can also serve the purpose easily, 

(if) Connecting Arrangement : 

Various components, mentioned above, are joined 
by flexible polythene tubes for the experimental purpose. 
Tank outlet and pump arc connected by 25 mm (1”) dia, tube, 
pump outlet and. inlet are connected with 12 mm (1”) dia, 
tube and collector outlet and tank inlet are joined by . . 
25 mm (1") dia. rubber hose in collector-I and 32 mm 
(1 dia. rubber hose in collector-II. All the tubes are 
insulated by V ems thick glass wool to minimize the heat 
losses, 

3.2 INSTRUlEmTIOl'I 

(a) Temperature Measurements: 

All temperatures of the collector unit and storage 
tanli have been measured by calibrated copper-cons tantan 
(2^ gauge -vare) teflon insulated theimocouples . Three 
thermocouples are soldered to the black absorber plate, 
two to back plate and one to the glass cover. Two thermo- 
couples have been soldered to the tank surface. Average 
tank water temperature has been measured by thermocouples 
which remained dipped in the water. 
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Ambiont temperature, collector outlet and inlet 
water temperatures have been recorded by thermometers 
placed in shade near the tank. 

(b) Wind Direction and Velocity Measurement 

A winds cope has been used to measure both the 
direction and velocity of the wind. The winds cope has a 
vane and revolving cups mounted in suitable positions , 
Depending on the direction of the vane and speed of the 
revolving cups, indications are obtained on an instrument 
connected through a cable to id.ndscope. 

(c) lilow Rate Measurement 

Flow rate of the water circulation has been mea- 
sured by Brooks Rotameter ranging between 0.5 GPM and 5.0 
GPM, Plow rate is controlled by means of a control valve 
placed just after the pump on outlet side. Rotameter is 
mounted between pump outlet and collector inlet. 

(d) Radiation Measurement 

In the absence of the availability of radiation 
measuring instruments in our laboratory, the radiation data 
has been obtained directly from the Central Laboratory, 
National Radiation Centre, Poona for Kanpur and other im- 
portant locations in India. This data have been used to 
determine the collector area for Kanpur and optimum tilt 
angles for many Indian locations as stated in the previous 

chapter . 
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kesults akd discussion 

lf.1 lEST PROCEDURE 

Spray-type collectors designed as described in 
Chapters 2 and 3j have been experimented under normal 
weather conditions at Kanpur, for the month of ^rch, from 
March 2, 1976 to Iferch 21, 1976. Collector-I is tested for 
seven days, (March 2 to March 8), for flow rates ranging 
from 2 GPM to 3 GPM, and Colie ctor-II for 8 days, (I&rch 
13 to Iferch 21) for flow rates ranging from 1 GPM to 4 GPM 
for 50 litres and 100 litres of water, as the system load. 
Operation with lower or higher flow rates than nentioned 
above, results in inadequate spray or accumulation of water 
inside tlie absorber panel, as the case may be. 

A specific test has been conducted in which over- 
night stored hot water is recirculated next day. Also, on 
^rch 7 experiment is carried out in which system is being 
evacuated after reaching 62 ^C and recharged for the ope- 
ration during afternoon hours . 

On an average, the system has been operated con- 
tinuously for 6 to 8 hours a day. Each morning fresh 
water has been charged in the system and heated water is 
stored overnight in the insulated storage tank to study 
the storage characteristics . 
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If .2 AMLYSIS OF KESULTS 

Experimental results are presented in Figures 
4-.1 to If ,5 for Collector-I and Figures lf«6 to If ,13 for 
Collector-II . These figures represent the behaviour of 
mean absorber plate temperature, mean tank water tempera- 
ture, ambient temperature and temperature rise of the water 
in collector (difference between the outlet and inlet of 
the collector), on an hourly basis, for various flow rates 
and system capacities . Each figure conforms for a single 
day observations . The figures depict the following facts ; 

(1) In the evening hours of the day, the mean tank mter 
temperature approaches the mean absorber temperature. 
This is due to the fact that the amount of incident 
radiation during evening hours decreases and hence 
the plate temperature stops increasing. The water 
temperature, however, keeps on gaining heat from the 
absorber plate till it reaches the maximum equilibrium 
temperature. Further recirculation of water results 
in the decrease of water temperature as shown in the 
figures . 

(2) During morning hours, the temperature of tank water 
is low. The temperature difference between the in- 
coming water and the absorber plate being hi^, the 
rate of rise of water temperature is quite- signi- 
ficant during morning hours as compared to evening 
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hours. However j iri Fig. )+.1, the behaviour of the 
plate water temperatures does not comply to the above. 
This is because the day was very windy and cold and 
the experiment was commenced much early ( 7 . 30 a..ia.) 
without allowing the plate to gain higher tempemture. 

(3) The plot of temperature rise of water in collector 

shows that it attains a maximum temperature around 

noon. This is because the intensity of incoming 

radiation is highest during this period of the day 

as indicated in Table 2.1 (average value of global 

* P 

saLar radiation during ^fe.rch being 62.7 cal/cm at 
11,00 ajm,. and 69.2 cal/cm^ at 1.00 p,m.). 

(14-) As the flow rate of circulation of water increases, 
temperature rise of v/ater in the collector decreases 
and also the difference between the plate temperature 
and mean tanlc water temperature decreases. This is 
because in the spray type collectors, heat transfer 
occurs due to the direct contact 'bet\jeen mter par- 
ticles and hot plate. Thus, the rate of heat removal 

\ 

depends upon the duration of contact. As the flow 
rate increases the discharge velocity of water par-, 
tides from nozzles increases thereby, decreasing the 
contact time. Hence, the rise in water temperature 
is relatively low, compared to ttat at low flow 
rates. Increase in flow rate, also bdngs mean tank 

close to the absorber plate 


water temperature very 
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The effects of flow rate and systea load have, 
further, been studied hy considering the overall tempeL. 
ture rise per hour of the operation period. This has been 
presented In Table 4.1 and also In Ilg. 4.14. it is seen 
that for 50 litres of mter load on the system, the average 
temperature rise per hour is significantly large as com- 
pared to that for 100 litres of water. 

It is interesting to note that the Colie ctor-II, 
which is the preferred design over Collector-I, attains 
the inaximuin aveirage rise in tanlv water temperature at a 
flow rate of 3 GPM, 

Figure 4-.15 shows, the experimental results for 
the case of recirculation of v^ater, heated on the previous 
day and stored overnight. Maximum temperature obtained in 
this case is 77 *5 allowing for an overall temperature 
rise of 26.2 °C in ^.^5 hours of operation (11.00 a.m. 
to 3*^5 p«in») . This experiment confirms the fact that at 
higher initial temperature of water, the heat gain from 
the collector is considerably less . 

Figure 4-, 16 shows the test results for a typical 
experiment in which 100 litres of water at initial tempe- 
rature of 27 *5 is first heated to 62 °C in 4- .30 hours 
(8*30 a.iii. to 1 p.in.) of operation, collecting 3350 kcal 
of heat from the absorber plate. The system was then 
evacuated, recharged with 100 litres of fi*esh water at 
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FIG. 4.4 EXPERIMENTAL RESULTS , MARCH 6 , 
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28,5 and heated for 2,^5 hours (2.0 p.m. to h-J+^ p.m.). 

The temperature attained by this -water is 4-8.0 °C and the 
heat gain from the absorber is I950 kcal. The total amount 
of heat, thus , gained by 200 litres of -water is 5300 kcal 
which would be much more as compared to the heat ^in from 
the collector by a system load of either 100 or 200 liti^s 
of water. 

This suggests that in order to utilise the collec- 
tor more efficiently, stepxirise heating of mter as above 
or heating with intermittent draw-offs should be performed 
pro-vided highest temperature attainment is not the goal. 

Table 4.2 shows the storage characteristics of 
the insulated tank. Drop in temperature of the tank water 
varies considerably, from night to night as ambient tempe- 
rature and initial hot -water temperature which are two main 
parameters also vary from night to night. From the table 
it can be observed that temperature drop is more, when the 
temperature of hot water is relatively higher at the begin- 
ing of the cooling cycle. At low initial temperature of th€ 
hot water, the drop is also very low. This suggests that 
the procedure of theoretical estimation of the insulation 
thickness that \>je have adopted is inadequate and needs 


improvement . 



TABLE if .2 Energy Storage Characteristics of the Tank 
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Date 

T 

0 

± 

Time 

0 Ambient 

5 temp. Ta ^ 

— ii 

0 Tank water 
C 0 temp . Tm 

_o . 

0 storage 5 Drop 

S 0 period 5 in 

D in hours 5 temo. 

2 . 3. '76 


4.30 

p.m. 

25.3 


70.0 


3 . 3. '76 


10.30 

a.m. 

24.5 


53.0 

18 17 

3 . 3. '76 


3.45 


29.0 


77.5 


4 . 3. '76 


6 .30 

a,m. 

13.0 


68.0 

14.45 9 

4 . 3. '76 


3.30 

p.m. 

33.0 


77.0 


5 . 3.'*76 


7.00 

a .rn . 

11.0 


64.0 

15.30 13 

5 . 3. '76 


4.30 

p.m. 

31.8 


68.4 

i 

6 . 3. '76 


7.00 

a.m* 

15.0 


64,0 

14.30 4 . 

6 . 3. '76 


4.30 

p.m. 

31.0 


79.0 


7 . 3. '76 


7.25 

a ,m. 

15.0 


69.0 

14.55 10, 

7 . 3. '76 


4.45 

p.m. 

29.0 


48.0 


8 . 3. '76 


7.30 

a.m. 

15.0 


45.0 

14.45 3. 

15.3 . '76 


3.30 

p.m. 

29.5 


68,5 


16 . 3.'*76 


6.30 

a.m. . 

18.0 


63.0 

15 5. 

16 . 3.:*76 


4.30 

p.m. 

29.8 


80.0 


17.3 . '76 


6.40 

a .m. 

18.5 


65.0 

14.10 15. 

17.3 . '76 


3.30 

p.m. 

31.2 


67.5 


18 . 3. '76 


6.30 

a .m. 

16. 5 


62.0 

15 5 
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The material used for the fahrication of the 
spray- type collector is all indigeneous and easily avai- 
lable in the local market. An approximate cost of each 
item for both collectors-I & II is given below. 


Item 

i Cost 

Q Collector-] 

in Ranees 
[ §~Collector- 

G,I. Sheets (3.25 m^) 

115.00 

115.00 

Nut, Bolts & Washers 

20.00 

20.00 

Gasket and Shellac 

15.00 

15.00 

Soldering 

30.00 

30.00 

Nozzles 

^0.00 

20.00 

Pipes 

30.00 

7.00 

Pipe fittings 

20.00 

10.00 

Glass cover 

30.00 

30.00 

V/ooden casing 

50.00 

50.00 

Pljrwood sheet 

10.00 

10.00 

Insulation 

50.00 

50.00 

Storage tank 

85.00 

85.00 

Tank fittings 

20.00 

20.00 

Total 

515.00 

if62.00 


The labour charges for fabrication cannot 
exceed Rs. 60.00 for two days period for ti-ro technicians 
to complete the unit. Thus the total cost of the unit 
w i 1 .1 be around Rs. 575*00 for Collector-I and Rs, ^2$m00 
for Collector II. This justifies preferring of Ck>llecto3> 
over Collector-I both with the view point of eoonomy and 
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The following conclusions may he drawn on the basis 
of tlie present study on spray type flat plate collectors wit 
water as the working fluid. 

1 . It is feasible to use spray-type flat plate collectors 
for forced circulation systems where large hot water 
demands are required. 

2. In view of the economy, simplicity in design and per- 
formance, the spray-type collectors may be preferred 
over other existing designs, 

3. Comparing between the , two different nozzle configura- 
tions that have been studied in Collectors -1 and II, 
no significant difference has been noticed in the mxi»- 
mum temperature attained by water. Collector - II how- 
ever, is a simplified design containing less number of 
nozzles and piping and is, therefore, recommended over 
Collotor - I. 

4-, The best performance has been attained for Collector - ‘ 
at 1 GPM flow rate for 50 litres of water as system 
load. The maximum temperature of ■^^ra.ter attained is 
80 '^C, This justifies our design criteria of using 
1 m^ of absorber area for heating 5^0 litres of water 
for a temperature rise of ^0 The study, however, 

was also extended for 100 litres system load with the 
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same absorter area. The maximum temperature of mterj 
obtained is 71 .6 '^C at 1 GPM flow rate. 

So far as the average hourly rise of tank water tempe- 
rature is concerned, Gollector - II gives the best 
performance at 3 GPM flow rate of -v^ater for both 100 
litres and 50 litres of system load, 

6, The same collector may be used for system loads higher 
than that for which it is designed, utilizing more heat 
from the absorber plate, though with less overall rise 
in fluid temperature. 

If SCOPE FOR FUTURE WORK! 

It is necessary to take up further work on spray- 

type collectors before a final marketable design is arrived 

at, for large scale water heating and other applications. 

The work needs study, mainly in the following directions. 

1. To choose still a better nozzle arrangement retaining 
best performance and maximum efficiency and to further, 
reduce the overall cost of the collector. 

2. A comparative study should be taken up wlIJi different 
collector designs simultaneously under the same ope- 
rating and weather conditions. 
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MOB ME&286»TIME(i&8i Gr- 5i 1., si'-iAO =.*K,SHAH *1. riXi-i. (MECH.) 
&I8J08 MAP 

$ 18 FTC MAIN 


COMPUTER PROGRAM FOR OPTIMUM T:lT AMGL 


COMMON HRSl? HRS2 1 HONTHi, MONH2, Ni; ElA , U,-ETU; OELPA 

PEAL IGLUbCI-, 2«r) , I OIFF ( 24» 24)f HANGL-:,' ( 2» ) j D(^4), LkTD 

lMTLGt.R HRSlj HRS2, MGNTHl, MQiri 02, R ITA (2i' ) , Mi}NA{i2), NAMU24}, 

L DS f>M ' )j H0JR(24) 

DATA H0UR/6H 1 A.M,8H 2 A.M,6H h A.M,6H 4 A. H, 6H 5 A.HjiH i A.M,&H 
2 7 A.M,dH i-‘ A.MtSH 9 A«H, 6H1(' A.M,6H11 A.M,6H12 A.M,6H1 P.Mri,6H2 P 
BoMoiCHS P^MctSHA PeMc$bH5 PoMe, 6H6 P«M®f6H7 P«Ha,6H8 P»M«,f6H9 PoM 
A" o f 6H iU P«i M • f <i HI IP » ! 1 « 3 6 H 1 2 P • M t / 

DATA MDNP/^-HJ 4N, 4!iF rB. , LHMARCH, 5HAPR IL, 3HMAY.4HJUN£i4HJULY34HADG. 
S,5Hii PT« jAHUCTot'^ H: XVo t^HDFC../ 

DO li, KAMI A = 1,12 

NAM (KAMLA) = MOW/-'. (K.'L'ILA) 

11 NAME {KAMLA+12) = MONA 
CALL HGMA 

READ 12f HRSlt HRS>f MD.TTHlj HUMfHZ 
IF ( MON :H2eLT.M0>ll ril ) M0UTH2 = y.0frH2 + 12 


12 


14 

15 

13 

16 


FORMAT C512} 

READ 24f (HANGLcJlI), l^HRSl* HRl 2 > 
HEAD 24, ( D { 1 ) , I =MONTHI , fCNTH2 ) 
DO lA- I = HR SI, HR S2 
HANGLE(I) = HANGL LI I 1416/16 :' kO 
DO 15 I = MOHTHl, M0MTH2 


D( I ) = D( U*3. 1416/180,0 
DO 13 KK. = 13,24 
D{KK) * D{KK-i2) 

LEENA = ■> 

LEENA = LEENA+l 


JfSSS^ 


IF Cli;EN.'^.oGT«12) STOP 
DO It I»l,12 




ISLOud : J) = . : 

1 1 IDl i"F{ A s J ) = ,'f k 

R5AU IS? UTA 

18 FORM.T ( '< ^ v) 

PR IN': 19 ., fil"k 

19 FORH^.T I/: / j2 


2:, 


21 


22 


PRINT 2 

Fan MAT { / / 119 , THS , I'p. ■ » *■' M t !';■ 

03 21 I = MljNTHlj HL'M'^FZ 

read 2%j IIGL36(! , J)?J = ^RT1jHK':;1 ) 

CDNTiNU- 


,*B UPTI!^UMs--/) 


DD 22 I = MONTHl, MO^ITHE 

READ Z^t (lDlFF(l}J)s J = ; HRS 2 J 

CONI I HU: 


DO 2.' KK = 13i2T 


DO 2:. JO = lj24 
ISLOB(KKfJJ) = I ; LL'B ( KK-12 j J J ) 

23 lOIFFIKLtJJ) = lOlFF )KK.- A + ) 

READ 24 » LAID* RO 

LATO » LAT0»2«14I6/18( . 

24 FOR K'AT { i ‘,'F »2 ) 

25 CALL MALIHI 

IF lM0NTH2«LToM0MTHl ) M0NTH2 = H3NTH2+12 

♦ , 

IF i L A 0 ) ^0 TO 16 

aI * w • * . 

Y2 = -•‘AT- 

03 26 I = MONTHlf 
DO 26 J = HRS1,HRS2 

SINKB = C0S(UT0)»O5(HAKGLE(J)l«CDSlD!Il) + SINtLATD)*SimD(ll) 
F3RH = SI.iaAT01FOOSlHMGL;(Jll«QS(D(I)l-COS(UTD)»SimDlIll 

;a = : l+UGLDBd ,J) -1DIFF( I , J ) )=»'FaRM/Sl NES 

26 Y2=Y2+{IGLOBCI,J)'-:D1FF(1,J)) + 1DIFF(I,J1=f0.379 


Y2Y2=X1/Y2 

B 3 PT=ATANtY 2 Y 2 l=«'l 6 A» 0 / 3 »l'^l^ ,A'' 

PRINT 27Y NAME C MONTHl ) , NAME (MONTHZJ, HOUR (HRS.?, HOUR IHRS.), 
7 OPT 

2T f:^MAT(/16X,A6,* to *,A6,3X,A6.». TU •,A6,F16.2) 


r* •“! T n ’7^ 


L BFTC HtM* 

SUBftl'UT Me 

C3MMbN HRSl, H>^.SEs MCifiiHlj ri'eM'/HZ, ■■'bLl, ■ 'CD, 

IMT^ bi:R OJ^PH 5,i.. ) 

I = 

28 RFAIJ 29, {U:-::PA'! J ,1) , J=l,:;) 

29 F3KMAT{;.-i2) 

IF SUu?P/J5,: 3oN]=.’ ) GO TU 
I = j +1 
GO It 2 g 

30 NSeiU, = 

RETURN 

BHd 

iBFTC VlALiNi 

SUBRCUTINF MALlvil 

COMMON HRSl, HRS2, MQNTHi , MOM’^ d2, NctLA. NEECO, DElPA 
IKJTHGER DEEPAIS, L’ ) 

MEETU = NS-; f’'TlJ+, 

INl^GuR rikSi,riRS2 
HRSl = DEEPAdt^E '.TU) 

HRS2 = UhuPA{2,Nri-"U) 

MONTH! = UFFPA(?, NF"TU) 

M3NTH2 = DF«. FAIT, NOE TU) 

NESLa = DCePAI 5,'IF-..,TU) 

IF INEELA,HF.3 3 MF:TU=^ 

RETURN 

rMD 


ENTRY 


fJOB MEGZaSiTIH: ^ G. SSj i j v'-lA H.K.SHAH H.T’-XH. (MECH.) 32' 

SIBFTC MAIN 

C COMPUTER PROGRAM FOR THi , VaLU;,'i I Gf.' OF SPECIFIC AR”AS 

R=AL ID{2'f»24), I DlMALi 24 ,2-, ) f { 24 ) t D { 24 ) * LATOf S { Z*-) 

IMTFGSR HRSljHRS2?i«NTHli!''iaf4TH2;T-f MP{2. ) ,RIT/.(2 ) 

CD5:-.i = i»12 
DD54ej=lf 23? 

ID( Ij JJ =' o . 

54ti IDSMALII » J)= 

READlj T"MP 

1 F3RMAT{2i/A4) 

PRINTZf TEMP 

2 FDRMXTC/ X, 2.^A4) 

READ 22, RITA 

22 FORMAT! 2 :. AA) 

PRINT 25, RITA 
25 FDRMAT(/2* X,2DAA) 

READ;,, HRS 1,HRS2,'10NTH1,M0NTH2 
FORMAT {5I'2) 

D34I=M0NVril, M0NTH2 
READ5, ( ID! I,J) ,J = “1RS1,HR.' ) 

- CONTI NUt 

D36I =MONTHl, M3NTT2 
R=ADD,{iDSMAL( i, J ) , J =HRS1, HRS2 ) 
o C3NTINU 

03 5 35 KK=13,24 
D355f.JJ = l,24 
ID(KK, JJ)=I0(KK-12,J J) 

555 IDSHAL!KK, JJ )=IDSMAL ! KK“12» JJJ 
READS, !HANGLE(I), I=HRS1,HRS2} 



